I INTRODUCTION
AFM is an important device for observation and nanooperation. It can be used to image the surface morphology of conductor [1] , non-conductor [2] or even biological cells [3] , besides AFM has also been widely used for nano-operations, such as mechanical etching [4] , nanoparticle assembly [5] , and dip pen technology [6] . In addition, if a voltage is applied to the AFM tip, some other operations assisted by electric field can be achieved [7] [8] [9] [10] [11] [12] [13] . AFM-based electric field assisted nanooperations involve anodic oxidation [14, 15] and tip material deposition [16] . Anodic oxidation is usually carried out on silicon substrate, so that strong electric field induces oxidation of silicon to generate raised silica [17] , thereby forming nanostructures. But silica cannot provide electrical connection because it is insulator. However tip material deposition is based on field emission principle [18] . Metallic atoms are emitted from AFM tip and deposited on substrate to form conductive nanostructure. Currently researches on AFM tip material deposition face some difficulties. One of them is the distance control between AFM tip and substrate. AFM tip is mounted on a flexible elongated cantilever, so the tip-substrate distance is troubled by vibration. In addition, researches on AFM deposition briefly focused on nano dot deposition. As to nano line, a row of nano dots were deposited to combine a nano line [19] . In this paper, the nano lines can be deposited continuously, rather than depositing a row of nano dots to form a line. To achieve nano lines precisely and continuously, first the electric filed distribution between the AFM tip and the substrate is simulated by finite element software in this paper. The electric filed provides power for the AFM deposition, so a clear electric field distribution will help to guide deposition. AFM tip used in deposition should be coated with a metallic layer, so next AFM tip coating is discussed to derive better repeatability and accuracy of deposition. Then a tip-substrate distance control method is introduced to guarantee steady electric filed. Next a current-induced deposition is introduced to improve repeatability and accuracy further. Finally experiments testify that deposition method in this paper can lead to repetitive and precise deposition.
II. ELECTRIC FIELD SIMULATION
It is hard to deduce an analytical expression for the electric field between the AFM tip and the substrate. However, finite element simulation can be involved to derive precise distribution of the electric field. According to Poisson's equation, the numeric expression for the electric field can be described as Equation (1) 
Where is Hamiltonian operator, H is dielectric constant, V is conductivity, e J is external current density, U is space charge density, P is polarization vector, and T is time step.
The boundary condition of the tip surface is set to a positive voltage, and the boundary condition of the substrate surface is ground. In nano-scale, objects in air are covered with a thin film of water [20] . In deposition, the tip is very close to the substrate, so the water films on the tip and the surface connect to form a water meniscus. We consider 
III. AFM TIP PREPARATION AND TIP-SUBSTRATE DISTANCE CONTRAL

A. AFM Tip Preparation
Conductive tip is required for AFM tip material deposition. can be deposited on substrate because sediments source from the metal layer. According to experiments, when the film thickness is 30-50nm, the combined effect is best. According to Fig. 2(a) , the sputtering time is usually chosen as 3-5 minutes.
B. Tip-substrate Distance Control
AFM tip should be suspended steadily over substrate before deposition. If the tip is too far from the substrate, a huge voltage is needed for deposition according to Fig. 1(b) . Therefore the tip should be very close to substrate to convenient deposition.
However it is a challenge to control the tip precisely close to substrate because the tip is mounted on an elongated resilient cantilever, unlike the STM tip which is a vertical pin. Thus the tip-substrate distance is subject to environmental disturbance, such as air fluctuation and ground vibration. Tip-substrate distance is a fundamental parameter for AFM deposition, Pumarol worked out a tip-substrate distance control method on using the long-range electrostatic force by applying an extra voltage to the AFM tip and achieved good effects [22] . In this paper, another relatively simple method to control the tipsubstrate distance is introduced. In nano-scale, objects in air are covered with a thin water film [20] , and the thickness is about 1 ~ 2nm. When the tip is close enough to the substrate, the water film on the tip will connect with that on substrate and form a water meniscus. The water meniscus will produce capillary adsorption to bind the tip with the substrate together like a spring. This paper exploits the capillary adsorption to control the tip-substrate distance. First the tip is moved down to contact the substrate, as shown in Fig. 3(a) . Then the tip is moved up until the tip depart from the substrate, as shown in Fig. 3(b) . But the tip-substrate distance is less than the upward moving distance of the cantilever due to the action of the capillary adsorption as referred. The water meniscus holds the AFM tip like a spring and force the cantilever to deform downward. The deformation of the cantilever can be detected by a position sensitive detector (PSD). Consequently the tipsubstrate distance can be deduced by minus the cantilever deformation with the upward moving distance. This method is easy to operate and can obtain good effect testified by experiments. One thing should be noticed is that the tipsubstrate should be limited to a proper range in case the water meniscus is snapped. However in deposition with STM, the tip is even as close to the substrate as a few tenths of nanometers [23, 24] . In this paper, the tip-substrate distance is set as 1nm which is less than the thickness of the water film, so the broken water meniscus will not show up in experiments.
IV. EXPERIMENTS AND DISCUSSIONS
As shown in 
A. Nano Dots Deposition
Currently most deposition with AFM or STM is accomplished by applying a voltage to the tip [1, 16, [24] [25] [26] .
However electric field between the tip and the substrate will fluctuate as the tip-substrate distance fluctuates if a voltage is applied to the tip. Consequently the deposition results are Similarly, when the tip-substrate distance increases, the voltage increases accordingly. Consequently the electric field between the tip and the substrate is steadier than that during voltageinduced deposition, so that more accurate deposition can be derived. In addition, the current is composed of ionic atoms emitted from tip to substrate; therefore the size of the deposited dot can be controlled by the current value or current duration time. Fig. 5(b) , the size of the deposited dots increases as the current increases, and the relationship between the current and the heights of the dots is shown as curves in Fig. 5(c) .
5(a). From
Similarly, Fig. 5(d) shows the two rows of nano dots deposited under different duration times but same current value. The duration time ranges from 2s to5s, and the current value is set as 10nA. Fig. 5(e) shows the cross-sectional dimensions of the dots in Fig. 5(d) . From Fig. 5(e) , the size of the deposited dots increases as the duration time increases, and the relationships between the duration time and the heights of the dots are shown as curves in Fig. 5(f) . In addition, the current-induced deposition method can effectively protect AFM tip. In voltageinduced deposition, if the tip accidentally contacts the substrate, a short circuit current will occur and cause damage to the tip and the substrate. However current-induced deposition method can effectively avoid short circuit current due to the current is limited to a constant value.
B. Nano Lines Deposition
Nano lines are deposited by the same way with nano dots except moving the tip along a predetermined path during deposition. First, a path is planned on the substrate and then the tip is moved to the start point of the planned path, next the tipsubstrate distance is adjusted to 1nm, then a proper current is applied to the tip, meanwhile moving the tip along the path,the moving speed of the tip is 10nm/s. shows three nano lines fabricated by current-induced deposition method and the deposition current is 20nA. Table I shows the surface roughness of the three nano lines in Fig. 6 (a) and Table II shows the surface roughness of the three nano lines in Fig. 6(b) . In the tables, Ra is the arithmetic average roughness and Rq is the root mean square (RMS) roughness.
Comparing table I with table II, 
C. Nano Pits Fabrication
We found nano pits can be fabricated when applying voltage to the tip and pressing the tip on some substrates, such as gold and graphite. In the experiments, the applied voltage is 5V and the duration time is 100ms. Fig. 7 shows the I-V curves and the nano pits fabricated with different pressures on the gold substrate. Pushing the cantilever downward 1Pm and 1.5Pm after the tip contacts substrate, and the pressure reaches 150nN and 225nN, then a series of nano pits can be fabricated as shown in Fig. 7 . In Fig. 7(a) , when the pressure is 150 nN, nano pits with depth 20nm can be fabricated on gold substrate. When the pressure is increased to 225 nN, as shown in Fig. 7(b) , the depth of nano pit can reach more than 100 nm. When the tip just contacts the substrate with a little pressure, the tip-substrate current is only several nA and the contact resistance is tens of MΩ. Increasing the pressure leads to the decreasing of the contact resistance, thus the current increased and can reach to the level of mA. We suppose the mechanism is due to the big current between the tip and substrate, for without applying voltage no pits can be fabricated on gold substrate under the same condition. The big current brings joule heat, which leads to the material's gasification and evaporation in the tipsubstrate contact area and forms the nano pits.
V. CONCLUSIONS
This paper introduces a current-induced deposition method which is different from traditional voltage-induced deposition.
In addition, a simple and effective tip-substrate distance control method is introduced, which does not need any extra auxiliary device and make the deposition process easy to operate. With the above methods, experiments show that good accuracy and repeatability are derived in deposition, and the size of the deposited dots can be adjusted easily. Furthermore, nano line deposition is realized, which is an improvement in deposition technique. Thus AFM deposition can be used to fabricate more complex nanostructure. In experiment, nanostructures composed of nano dots and nano lines are fabricated. Above all, the deposition method in this paper can be used to deposit complex nanostructures repeatedly and precisely, and it has potentials to be used for fabricating quantum dots, welding nano devices, fabricating nano wire or nano electrode. 
